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Introduction
This report documents a series of experiments that were performed to gather data on ball bearings with induced faults. The effort is part of the Prognostics and Diagnostics (P&D) Program, whose goal is to provide automated means for health assessment of Army assets in the field. The work involved the collection of vibrational data on both healthy and defective bearings when placed in service. "In service" was mimicked in the laboratory by employing the use of a Machine Fault Simulator (test rig), a specialized machine manufactured by SpectraQuest, Inc., for the purpose of examining the effects of defects in various machine components. In this study, there were three particular types of defects-ball fault, inner race fault, and outer race faultwith five levels of defect for each of the fault types.
Experimental Setup

Bearings
The bearings were all Rexnord ER16K ball bearings (appendix A-1). All of the bearings were new, some had defects intentionally made in them (seeded faults). There were five good bearings and 15 bearings with seeded faults. Figure 1 is a cross section of a bearing showing nominal locations of the seeded faults along with their associated components. The faulted bearings consisted of five bearings with ball faults, five bearings with inner race faults, and five bearings with outer race faults. The bearings of each fault type had five levels of damage of the specific defect. The bearings were provided as a custom order from SpectraQuest, Inc., who was also responsible for applying the faults to the bearings. 
Test Rig
The bearings were placed in service, simulating real-world operation, on a test rig manufactured by SpectraQuest, figure 2 and appendix A-2. The rig is specifically designed for studying defects in machine components and is outfitted with mounting holes for accelerometers in positions of interest. As can be seen in figure 1 , the rig is a complete drivetrain consisting of an electric motor; shaft with weights, pulleys, and belts; a gearbox; and a magnetic load. The shaft was loaded with two 11-lb cylindrical weights, which rotate with the shaft, and was supported by two ball bearings near the ends of the shaft. The bearing closest to the motor was the bearing under test, while the bearing further from the motor was always a known good bearing. Additionally, by removing or attaching the belts at the non-driven end of the shaft, incorporation of the gearbox and magnet load could be alternately employed (or not) in the experiment. 
Instrumentation
I. Tri-axial Accelerometers
The test rig was instrumented with two tri-axial accelerometers, manufactured by VibraMetrics, Inc (appendix A-5). The accelerometers convert mechanical vibration into analog electrical signals. These accelerometers were selected because they have the range in both amplitude and frequency to accurately measure the vibrations of interest in this study. The maximum amplitude of the accelerometer is 500g's and it is linear at 10 mV/g from 3 Hz to 7 kHz. Both accelerometers were attached to the mounting block of the bearing under test: one directly above the bearing and one to the side of it, at 90° to the first accelerometer. The accelerometer placements and axis orientations are shown in figure 3 . The x-axes of both accelerometers point in the axial direction of the system, i.e., parallel to the shaft axis. The z-and y-axes of both point in radial directions, i.e., perpendicular to the axis of the shaft. All accelerometer channels were active and connected to the data acquisition system; however, due to the high sampling rate (100 KS/s/channel), only four channels could be collected. All channels of the first accelerometer were collected, and the x direction channel of the second accelerometer was selected for collection because it had a higher amplitude return than the y and z directions. 
II. Revolution Counter (Tachometer)
The test rig was instrumented, from the supplier, with a pulse counter to accurately measure rotational velocity of the drive shaft. The pulse signal from the device/circuitry was recorded as part of the testing for later use in data processing (instantaneous rotational velocity and for techniques requiring time synchronization)
Data Acquisition and Data Recording
I. Hardware
The data acquisition hardware employed cabling, signal conditioning modules, a data acquisition controller/recorder, and a laptop computer with external hard drive. Figure 4 shows a block diagram of the arrangement of the hardware. Specific components were the following: 
Data Acquisition Controller/Recorder
The system used to acquire the data was the HBM SoMat eDAQ-lite, as shown in figure 5 (appendix A-3). It is modular, composed of "layers:" a mandatory base layer housing the power supply, the processor and storage media (ELCPU), and a variable number of stacked input and output layers, which provide power to sensors, perform analog to digital conversion, and pass the incoming data to storage on the base layer. In our case, there was the base layer plus seven "high level layers" (ELHLS) and a digital input/output (I/O) layer. However, only two of the ELHLS were used in this series of tests. None of the digital I/O channels were used. Each ELHLS layer has four channels of simultaneously sampled differential analog inputs. Of these eight available channels, inputs were provided to only seven; and of these, five were selected for actual data collection. Each of the five channels was simultaneously sampled at 100 KS/s. The base layer interfaces with a PC via a RJ45 Ethernet connection for configuring and initiating a data collection run as well as retrieving data temporarily stored on the base layer. 
Signal Conditioning Modules
HBM SoMat ICP type signal conditioning modules (ICP-B-2) were employed on each channel of the accelerometers (appendix A-4). The module provides both power to the accelerometer circuitry and removes the bias on the returning vibration signal. The modules were installed in-line between the accelerometer's connectors and channel inputs on the eDAQ-lite. Since there were two accelerometers and each accelerometer has three channels, there were total of six modules. However, as mentioned previously, only four of the channels were selected for data collection.
Cabling
The system employed cabling for both the accelerometers and the tachometer pulse signal.
a. Accelerometer Cabling 1. Cabling for each or the accelerometers consisted of two segments (figure 6). The first segment connected an accelerometer on one end to signal conditioning modules on the other ends. Note that since the accelerometers are tri-axial, there are three outputs per accelerometer each requiring a signal conditioning module. The first segment consisted of Vibra-Metrics P/N 9356232, which splits into three coaxial cables each terminating in an adaptor, Vibra-Metrics P/N CN2-0006-0000. Each adaptor, then, connected to a signal conditioning module. The second segment consisted of a cable, SoMat P/N SAC-EXT-MF-5, and connected each signal conditioning module to a channel on the eDAQ-lite. 
b. Tachometer Pulse Cabling
To transfer the tachometer signal to the data acquisition system, two segments of cable were required (figure 7). The first was a standard coaxial with a male Bayonet Neill-Concelman (BNC) connector on one end and alligator clips on each of the two leads of the other end. The BNC connector was connected to an existing female connector on the test rig where the pulse is generated; the alligator clips on the opposite end were connected to the second segment. The second segment was a shielded 5-wire/26-AWG cable purchased from HBM SoMat (P/N SAC-TRAN-MP-2). One end of this segment connects to a channel on the data acquisition system. On the other end, as seen in figure 5 , the red wire was connected to the positive alligator clip of the first segment, described above, and the green wire was connected to the negative alligator clip; the additional three wires were not used and remained unconnected. 
Computer
Dell Latitude E6400 Laptop with an Intel Core 2 Duo CPU, P8600 2.4 GHz Processor, 4 GB of RAM, and a Windows Vista 32-bit operating system. The U.S. Army Research Laboratory (ARL) barcode is NB10306.
II. Software
Three software programs were employed to collect and analyze the data. HBM's TCE v3.11.0 build 227 was used to program the hardware; check sensor functionality; and collect, record, and download the data. After the data was downloaded onto the laptop, HBM's Infield v2.3.0 was used to review it, specifically by plotting and limited analysis of the data. This was essential to verify sensor functionality and ensure that various aspects of the data collection were being performed as expected. A secondary purpose of Infield was to convert the proprietary binary data into ASCII data. Finally, Mathwork's Matlab R2010b software was used for further analysis of the data. The analysis was a preliminary assessment of trends in the data.
Experimental Procedure
Overview
There were a total of 20 bearings, 5 "good" and 15 with faults described elsewhere. The goal of this effort was to gather sufficient data on the operational performance of the bearings such that data analysis would be meaningful. With this in mind, multiple runs of a predetermined length of time were made for each bearing. Based on previous testing, a 10-s data collection period was determined to be sufficient time for each run, and 10 runs for each bearing was determined to provide an adequate statistical representation. In addition, two operating conditions were evaluated. The two operating conditions were with (1) the motor driving the weighted shaft only and (2) the pulleys/belts, gearbox, and magnetic load included. The first case is performed to reduce system noise, and the second case is performed to intentionally introduce real-world noise.
Rotational Frequency
The nominal shaft frequency for all of the runs was selected to be 35 Hz (2100 RPM). This frequency was chosen because it is high enough to commence initial startup (overcome the loads in the system); low enough to keep system audio noise below the safety limit requiring earmuffs; and at a frequency that is not any multiple or division of 60 Hz, the power input frequency. The nominal frequency of 35 Hz could not be set or maintained exactly. The desired frequency was keyed in on a control box, with an adjustment resolution of 0.1 Hz. The actual frequency was monitored in real time on the tachometer display. To achieve the desired frequency, the control box setting was then adjusted until the desired operating frequency was achieved within the resolution of the control. In addition, during the course of a run, the actual frequency tended to drift slightly, more so for the runs with the gearbox and magnetic load connected.
Data Acquisition Software Preparation
To be ready for data acquisition, the TCE software had to be configured. After opening the software, a "setup" file was constructed. This file controls the entire data collection process including which channels to sample, sample rate, naming of channels, triggers, sensor calibration, power to the sensor, and data storage options. Detailed steps in the construction of a setup file can be found in the eDAQ-lite User's Manual. What will be presented here are the significant inputs to the file for the performance of these experiments. Wording enclosed in quotes indicates that this is the actual terminology that appears in the software.
I. All sensors were connected to the eDAQ-lite, the computer and eDAQ-lite system were powered on, and the TCE software was started.
II. A "New Setup" was created.
III. In the "Hardware" window by selecting the "Query" button communication with the eDAQ-lite was established, and the window self-populated with the functional elements of the eDAQ-lite.
IV. In the "Transducer and Message Channel" window, details of channels were defined for each of sensors. This was performed for the four accelerometer channels, all of which had identical inputs except the channel name, and for the tachometer channel.
1. The accelerometer channels were selected to be "High Level SS" types and "ICP Accelerometer[sensitivity:100mv/g]" was selected for each which provides default values. By selecting them as ICP Accelerometers, the program automatically defines that a constant current at 24 V will be supplied to the devices. In the two windows that then appear for a "High Level SS Channel," the physical channels for each accelerometer were selected and named: "Units" were set to "g's," the "Output Sample Rate" was set to 100000 Samples/second, the "Output Data Type" was set to "32-bit Float," the "Full Scale" was set to a "Min" of -150g's and to a "Max" of 150g's. In addition, the accelerometers were calibrated such that with a "Defined Value" of 0g's the "Input Signal" would be 0 V and at a "Defined Span" of 1g the "Input Signal" would be 0.01 V, which describes a sensitivity of 10 mv/g with no offset.
2. The tachometer channel was selected to be a "High Level SS" type and "Voltage Input[10000mv range]" was selected to provide default values. In the two windows that then appear for a "High Level SS Channel," the physical channels for the tachometer was selected and named: "Units" were set to "Volts," the "Output Sample Rate" was set to 100000 Samples/second, the "Output Data Type" was set to "32-bit Float," the "Full Scale" was set to a "Min" of -10 V and a "Max" of 10 V. In addition, the tachometer was calibrated such that with a "Defined Value" of 0 V the "Input Signal" would be 0 V and at a "Defined Span" of 1 V the "Input Signal" would be 1 V, which is 1 to 1 scaling with no offset.
V. In the "Data Mode Setup," window parameters were defined for recording of the data. All five transducer channels identified above were selected for recording. The "Triggering Option" was selected to be "Always On." The "FloatsData Type" entry was selected to be "FLT32FLT32," which caused the data to be saved as 32-bit floating-point numbers.
The "Data Storage" was selected to be "PC Card, DRAM, Internal Flash." Note that this process defines storage into the memory of the eDAQ-lite; permanent storage is later accomplished by uploading the data onto the computer.
VI. The setup file was saved with the filename 100KHz rate 2xls_pulse_x2 only.tce. This setup file was used for all of the runs on bearings with defects.
VII. The above setup file was copied and the name Good Bearing Only.tce was given to the new setup file. The Good Bearing Only.tce file was altered so that the range of the accelerometers would be lower; specifically, the "Full Scale" was set to a "Min" of -10g's and a "Max" of 10g's. By reducing the range the resolution was increased. The Good Bearing Only.tce file was used for data collection on all good bearing runs.
Procedure
The following test procedure applied for each bearing under test. The procedure was duplicated for each bearing, once with the shaft operating freely and once with the gearbox and magnetic load connected using the belts and the pulleys.
I. Prepare rig and bearing under test 1. The test rig was disconnected from the main power supply.
2. The socket head screws on the bearing mounts were loosened and the upper half of the mounts was removed. Care must be taken with the bearing under test mounting block to assure that the accelerometer is not damaged and that the accelerometer cables are not disturbed.
3. The two socket head screws on the shaft coupling were loosened and the coupling slid toward the motor until the end of the primary shaft was clearly visible.
4. The entire shaft (with weights and bearings) was removed and placed in a working area.
5. The four socket head screws that secure the motor-end weight to the shaft were loosened and the weight was removed from the shaft.
6. The two set screws that secure the bearing under test to the primary shaft were loosened and the bearing present (previous bearing under test) was removed.
7. The previous bearing was replaced with the current bearing under test. The bearing was precisely located on the shaft by sliding it onto the shaft until it came in contact with the weight that was still on the shaft. The two set screws that secure the bearing to the shaft were then tightened. For "Outer Race Fault" bearings only, the bearing was oriented such that the marking on the bearing (which indicates fault location) was down, i.e., in the lowest possible position.
8. The motor-end weight was placed back on the shaft and located so that left collar of the weight was flush with the step in the shaft. The weight was secured in place by tightening the socket head screws on the collars.
9. The shaft assembly was put back in place on the rig such that the bearings seated properly in the bearing mounts. Each time this procedure was performed, verification was made that there was a gap between the motor end weight and bearing under test mounting block to avoid rubbing.
10. The upper halves of the mounting blocks were returned to their respective locations and the socket head screws tightened to a torque of 15 ft-lbs. Note: Previous testing indicated that the torque on these screws may affect the accelerometer signals.
11. The shaft coupling was repositioned and its two set screws tightened.
12. The cover of the rig was closed and latched.
13. The main power was connected to the test rig.
14. Correct operation of the machinery was made prior to a formal run. This was performed by depressing the green "run" button on the test rig control panel and shortly thereafter depressing the red "stop" button (figure 8). If anything was noted as not performing properly, corrective action was taken. II. Using the control panel (figure 8), the operating frequency was set to 35 Hz. Operation of the machine was begun by depressing the "run" button on the control panel.
III. Using the frequency control buttons on the control panel (the up and down arrows), the frequency was adjusted as necessary to achieve a tachometer reading of as close to 35 Hz as possible. For weights and shaft only runs, the typical control setting was 35.4 Hz. For runs with the gearbox and load connected, the typical control setting was 36.4 Hz.
IV. The system was allowed to run for 5 min, and the frequency was adjusted again if necessary.
V. Data collection 1. With the TCE software running and the appropriate initiation of the software as described in section 3.3, the "run" button on the "TCE Test Control Panel" window was selected (figure 9). 2. A window appeared, which had a "start run" button, as well as an option to enter a description of the run; the "start run" button was then selected.
3. The "run time" clock, which appeared on the "TCE Test Control Panel" window, was monitored and the "stop" button was selected when the run time had reached 10 s. 4. The software was then ready for another run of the same bearing.
5. The machine was allowed to run without data collection for 1 min.
6. Steps 1 through 5 were then repeated nine times for a total of 10 runs. 7. The data was then uploaded to the computer for the 10 runs by selecting the "upload" button on the TCE Test Control Panel and supplying an appropriate filename for the set of runs, e.g., "Ball Fault Level 5".
8. The "END" button on the TCE Test Control Panel was then selected. Note: This completed the data collection of a specific bearing under test for the condition of a bearing without connection to the gearbox and magnetic load.
VI. For the same bearing used in data collection in the previous subsection V, data was collected with the gearbox and magnetic load connected.
1. The two belts were installed onto the pulleys of the primary shaft and gearbox shaft.
2. Procedures II through V-8 were repeated. Note: The data collection of a particular bearing was then finished.
VII.
A new bearing to be tested was selected and procedures I through VI were repeated. The procedure was repeated until data on all bearings was collected.
Data Storage and Data Conversion
The following are the procedures for data storage and data conversion:
I. When the data was uploaded to the computer in the procedure in section 3, it was done so with descriptive names and stored in a systematic folder structure. The data, as uploaded, was in a proprietary binary format and is identifiable by ".sie" as the file extension. Tables 1 and 2 show the file structure naming of these files. II. To analyze the data, it was converted from binary into ASCII format. Specifically, all accelerometer data for a particular run was written in ASCII text format as four tab delimited columns into an appropriately named file. This was repeated for each run, totaling 400 files. The tachometer data was not converted at this time. The data conversion was performed by first reading a ".sie" file into the Infield software, selecting the desired data, overplotting it as a function of time, and saving the plotted data as an ASCII File.
III. Clear organization of the ASCII data was deemed critical for ease of identification and access in later use. Table 3 shows a portion of the file structuring and naming. For the remaining files and folders, the same format is followed with 10 ASCII files for each fault level of each fault type for both "No Load" and "Load." The additional naming followed a descriptive convention and can be briefly described as follows:
• Under the No Load folder the subfolders were Good Bearings, Ball Faults, Inner Race Faults, and Outer Race Faults.
• Under each of these folders were subfolders with the names Good Bearing 1-5, Ball Fault Level 1-5, Inner Race Fault Level 1-5, and Outer Race Fault Level 1-5.
• Under each of these folders were the 10 ASCII files with descriptive names, which include the run number, i.e., run1-run10.
The same names were used for the Load folders and files; however, each was followed by "_P". 
Preliminary Data Analysis and Results
As indicated earlier the primary goal of this effort was to collect data on faulted bearings, which could be used to develop algorithms for health monitoring and predict remaining life. With this in mind, it was deemed prudent to make a cursory examination of the data to determine whether features could be extracted from it that follow trends with damage type and level.
I. A limited but representative display of raw time series data is presented in figures 10, 11, 12, and 13. Time series data for a Good Bearing and Level 1 and Level 5 of each fault type from the z-axis of the top accelerometer are shown. Note that the difference between the two levels are easily discernable, giving a good indication that they should be distinguishable computationally. The scales are constant only for the two levels of each fault type. The scale of the Good Bearing run was selected as the lowest range in the other plots, which is Ball Fault Level 5, ±20g's. II. Statistical features, including root mean square (RMS), Kurtosis, Skewness, Crest Factor, and Peak to Peak, were examined, on a limited basis, to see if trends existed. In general, RMS and Peak to Peak show increasing trends with fault level for all fault types, as seen in figures 14 and 15. A few data points are present that do not follow a monotonic trend and will require further investigation. The other statistical features appear less suited for bearing fault level analysis, that is, clear trends are not apparent at this point. It bears repeating that the calculations were performed on a limited amount of the data, one run per fault for each fault level, and that analysis of the complete data set will be necessary to be more conclusive. III. An examination of the characteristic frequencies associated with bearing geometry, also known as bearing defect frequencies, was performed. The presence and amplitude of the defect frequencies were expected to be indicators of the detectablility and classification of the particular fault and level of damage. For this examination, what is commonly known as envelope analysis was performed. This was accomplished by taking the fast Fourier transform of the magnitude of the Hilbert transform of the raw data, plotting it in the frequency domain, and looking for the presence and magnitude of the defect frequencies.
1. The formulae for the defect frequencies are:
where Ball pass frequency inner (BPFI) = the frequency corresponding to a defect on the inner race
Ball pass frequency of the outer race (BPFO) = the ball pass frequency of the outer race and corresponds to a defect on the outer race V. Figures 18 and 19 show results of outer race faulted bearings and a good bearing. The plots focus on a band around the outer race fault frequency of 125 Hz. Again, the fault frequency is clearly visible, as well as increases with fault level. As with the previous figures, the vertical scale of the good bearing figure is much lower than that of the other figures, and that the magnitude at fault frequency of the good bearing is far less than that of the faulted bearings. i. Figures 20 and 21 show the results of the ball faulted bearings and a good bearing. In this case, the low end of the spectrum was examined, because it was noted that the fundamental train frequency and its harmonics are clearly visible and increase with the fault level. A plot of the good bearing data was not included, because the fundamental train frequency, or harmonics, could not be distinguished from the noise; even identification at fault level 1 is questionable. As an additional note, there were several low level peaks in the vicinity of the roller element defect frequency that were not present in the good bearing spectrum. Further analysis is necessary and is hoped to reveal that this portion of the spectrum will provide beneficial information (features), as well. 
Summary and Conclusions
A substantial amount of data was collected on ball bearings with known levels of seeded faults, as well as healthy bearings. Based on initial examination of the data, it seems clear that a number of features exist, even beyond those that were examined, which can be exploited in the detection and classification of specific faults in the bearings. A great deal of work still remains to be done on the analysis of the data. This includes processing and correlating all the data for features already mentioned, as well as employing additional signal processing methods, which are likely to include wavelet analysis, time-frequency analysis, statistical features of transformed data, and the application of neural nets. All in all, with the appropriate application of data processing techniques, it is expected that this work will be uniquely beneficial for P&D purposes since it includes both ground truth and discrete fault levels and types. 
Appendix. Bearing and Test Equipment Specifications
The following is a short description of the hardware and sensors used during this data collection. 
A-1 ER16K
Specifications:
Diameter of the Shaft: 1 in The SoMat eDAQ lite ( figure A-3 ) is a standalone data acquisition system. It performs signal conditioning and a capacity to perform onboard data processing. The eDAQ-lite is modular, consisting of a required base layer, ELCPU, and for this experiment seven layers of four simultaneously sampled high-level differential analog inputs, ELHLS layers, and, although not used in this experiment, a digital input/output layer (ELDIO). Sealed System: Machined aluminum case and sealed gaskets protect the system from humidity, corrosion, water spray, and dust.
Vibration Tested: Swept sine tested from 5 to 2000 Hz at 20g's Modular: Up to eight layers can be custom configured pending testing requirements. The removal of four screws is all that is required to disassemble a system. 
Physical
Specifications:
Sensitivity: at 100 Hz, ±5% 10 mV/g, 1.02 mV/(m/s2) 
